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This review questions the relationships between the plastic events responsible for the
recovery of vestibular function after a unilateral vestibular loss (vestibular compensation),
which has been well described in animal models in the last decades, and the vestibular
rehabilitation (VR) therapy elaborated on a more empirical basis for vestibular loss patients.
The main objective is not to propose a catalog of results but to provide clinicians with an
understandable view on when and how to perform VR therapy, and why VR may benefit
from basic knowledge and may influence the recovery process. With this perspective, 10
major recommendations are proposed as ways to identify an optimal functional recovery.
Among them are the crucial role of active and early VR therapy, coincidental with a post-
lesion sensitive period for neuronal network remodeling, the instructive role thatVR therapy
may play in this functional reorganization, the need for progression in the VR therapy proto-
col, which is based mainly on adaptation processes, the necessity to take into account the
sensorimotor, cognitive, and emotional profile of the patient to propose individual or “à la
carte” VR therapies, and the importance of motivational and ecologic contexts. More than
10 general principles are very likely, but these principles seem crucial for the fast recovery
of vestibular loss patients to ensure good quality of life.
Keywords: vestibular compensation mechanisms, vestibular rehabilitation therapy, critical period, adaptation,
habituation, anxiety and stress, motivation, ecologic contexts
BACKGROUND
The vestibular system was originally thought to contribute to
reflex generation for posture (1) and oculomotor (2) control, in
close convergence with other sensory and motor signals (3). More
recently, the vestibular system has been recognized for its con-
tribution to, and interaction with, high-level cognitive processes
including space perception (4), spatial navigation (5), body repre-
sentation (6), attention (7), memory (8), mental imagery (9), and
even social cognition (10).
The dramatic consequences of vestibular disorders therefore
incorporate a wide range of symptoms including loss of balance,
blurred vision, and vertigo, as a result of impaired vestibulo-
spinal and vestibulo-ocular reflexes (VORs) and of abnormally
activated vestibulo-thalamo-cortical pathways, respectively (11,
12). Impaired inputs to the vestibular cortex and hippocampus
very likely explain the deficits in spatial navigation and mem-
ory tasks (13, 14) as well as in body representation and bodily
self-consciousness (10). The functional, psychological, and social
impacts of vestibular impairment are very important from a soci-
etal point of view. A vertigo crisis, together with the physical
disability and the psychological stress that accompany a vestibular
disorder, results in socio-professional consequences (stop work-
ing), psychological and social isolation (15) in many cases. As
a rule, the vestibular syndrome is ameliorated over weeks and
months in both humans and animals through the process of
vestibular compensation [(16–18), for reviews].
The recovery of the static symptoms, observed in a stationary
patient, must be differentiated from the recovery of the dynamic
symptoms, seen only when the patient moves his/her head or
his/her whole body in space (19). The static symptoms incor-
porate spontaneous vestibular nystagmus, skew deviation and eye
cyclotorsion (oculomotor signs), head and body tilt (vestibulo-
spinal signs), vertigo, and modification of the subjective visual
vertical (SVV) (perceptual and orientation signs), usually aggra-
vated by neurovegetative disorders (nausea and vomiting). This
static syndrome is generally fully compensated for with a rela-
tively short time constant depending on the species: a few days
(rat model), weeks (cat model), or months (humans). In con-
trast, the dynamic deficits (drops in gains and phase shifts of the
VOR, reduction of the time constant of the VOR on the affected
side, and impaired balance control in challenging contexts) remain
poorly compensated and are exhibited over a longer time period.
Moreover, in many cases, the VOR does not recover at all. The
permanent deficit of dynamic VOR function was first described
by the Australian group in vestibular loss patients during pas-
sive head impulses using short-duration angular accelerations in
the natural range of head motion (2000°–3000°/s−2), directed
toward the affected side [Head Impulse Test: HIT, see Halmagyi
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et al. (20)]. In such situations, a compensatory catch-up saccade
can be observed after the end of head rotation, indicating that
the canal response is lacking. However, a permanent deficit can
be masked by sensory or behavioral strategies. A good illustra-
tion is the covert saccade described by the same Australian group
during brief, passive, unpredictable head impulses to the lesion
side (21, 22).
Vestibular compensation therefore includes a rapid vestibulo-
centric static process and a longer term, dynamic, distributed
learning process (19). We have recently proposed the dual concept
of brain orchestration of “neurobiological melodies” and “behav-
ioral melodies” to explain the recovery of the static and dynamic
functions, respectively (23). The former strongly depends on the
vestibular etiology, while the latter depends on the patients them-
selves. Depending on the nature of the vestibular damage (sudden
and total versus progressive and partial, reversible or not), the neu-
robiological orchestration occurring in the deafferented vestibular
nuclei (VN) was drastically different (24–26). For example, a cell
proliferation and cell differentiation process was found in the deaf-
ferented VN only after an acute and total deafferentation, and
never after a peripheral labyrinthectomy or a reversible blockade
of the action potentials in the vestibular nerve by intra-tympanic
injection of tetrodotoxin. That means that the plastic events in
the deafferented VN strongly differ depending on the vestibular
pathology [vestibular neuritis, Menière’s disease, vestibulotoxic
antibiotics, benign paroxysmal positional vertigo (BPPV), and
the aging process]. On the other hand, the sensory and behav-
ioral strategies substituting for the missing dynamic vestibular
functions show great inter-individual variability. To avoid reti-
nal slip and oscillopsia during head rotation to the diseased side,
some patients close their eyes or use blinks, others keep the head
facing the same direction as the trunk and turn slowly, while oth-
ers pre-program a saccade. Such vicariant idiosyncratic strategies,
depending on the patients themselves, are of clinical relevance
for the physiotherapist who must help the patient to use the best
strategy and to quickly obtain a good quality of life.
WHY AND HOW CAN VESTIBULAR COMPENSATION BE
IMPROVED?
There are several reasons to search for methods to improve the
consequences of vestibular damage. One is the high prevalence
of vestibular dysfunctions, which alters balance control and can
lead to falls, in the general population. Data from the 2001–
2004 National Health and Nutrition Examination Survey collected
in 5086 US adults aged 40 years and older indicate that 35.4%
had vestibular dysfunction (27). This percentage increased sig-
nificantly with age, reaching 64.8% in people over 60 and 84.8%
in people over 80. The increased risk of fall with age is among
the most morbid and costly health conditions affecting older
individuals in modern societies.
A second reason to manage vertigo and dizziness is because of
their strong impact on the quality of life. In a telephone survey of
1003 patients with moderate to severe vertigo or dizziness, 80%
reported the need for medical consultation, and vertigo and dizzi-
ness interrupted their daily activities (28).Vertigo involves not only
physical factors, but also emotional factors that are extremely dis-
abling (nausea, oscillopsia), and increase the tendency of falling.
In addition, anxiety and depression are increased in patients with
vestibular dysfunction and vertigo (29, 30).
Another reason for enhancing functional vestibular compen-
sation is that the spontaneous or “naturalistic” recovery is not
optimal. For example, patients can replace some lost vestibular
functions (the VOR) by new maladaptive strategies (limitations of
head movements). As stated in their review on the translational
lessons from vestibular rehabilitation (VR) (31), the main goal
for VR therapy is to improve the dynamic performances by new,
learned strategies that lead to the best optimal functional recovery.
Finding an optimal rehabilitation paradigm will not only accel-
erate the time-course of recovery but will also achieve the best
selection of strategies for regaining a better quality of life.
One can distinguish two broad paths in the management of
vertigo and dizziness patients. One is drug-based medicine with
the discovery of pharmaceutical agents acting on different targets
known to influence the recovery process after vestibular injury.
Neuropharmacology of vertigo and dizziness, recently reviewed
by Soto and Vega (32), will not be covered in this review. The
other is behavioral-cognitive therapy, which has been empirically
elaborated and developed in many ways for addressing the differ-
ent facets of vestibular syndrome. This second path originates with
the early twentieth century discovery of clinicians and behavioral
scientists, who showed empirically or by more experimental inves-
tigations, respectively, that behavioral therapies could improve
recovery from vestibular damage. The term “VR” was assessed for
the vestibular loss patients, as compared with the “rehabilitative
training” used for stroke patients. According to the international
classification of functioning disability [Geneva: (33)], rehabilita-
tion as a goal “to reach and maintain optimal functioning in phys-
ical, intellectual, psychological, and/or social domains” is evidence
based medicine.
The concept of “VR” was formalized at the end of the second
world war by two British practitioners, Sir Terence Cawthorne
and F. S. Cooksey, who developed a balance rehabilitation strategy
for injured British soldiers (34, 35). This concept was highlighted
and updated in more recent publications and reviews by differ-
ent groups throughout the world, which have proposed different
VR therapy protocols, strategies, and exercises for improving the
functional recovery of the vestibular syndrome, and more gener-
ally for rehabilitating dizzy patients (18, 31, 36–38). The Cochran
Database of Systematic Reviews in Ref. (39) indicates that “there
is moderate to strong evidence that VR is a safe, effective manage-
ment for unilateral peripheral vestibular dysfunction, based on a
number of high quality randomized controlled trials.” The more
recent Cochran Database of Systematic Reviews published in 2011
has confirmed these conclusions (40).
The main goal of the review is to question how the brain-
plasticity mechanisms responsible for the spontaneous recovery
can help VR therapy, and how VR therapy can interact with
these basic mechanisms. Thus, there is a need for clarification
to assist the professional community, to change traditional clin-
ical strategies used by some professional therapy practitioners,
and to help them in finding an optimal rehabilitation paradigm.
Among the most relevant questions for practitioners are the fol-
lowing: When is early enough? Are there windows of opportunity?
What type of VR? How long? Can VR alter the functional neuronal
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reorganization? Why do some patients have a poor recovery, or
decompensate? . . .
TEN RECOMMENDATIONS FOR OPTIMAL FUNCTIONAL
RECOVERY
The purpose here is neither to provide a rigid guideline for VR
therapy nor to compare the efficacy of different rehabilitation
techniques, or even to propose the optimal VR paradigm, but to
provide the whole community of practitioners and physiothera-
pists with understandable principles to guide their VR therapy. We
have regrouped these principles required for optimal functional
recovery after vestibular injury under the term “ten recommen-
dations” (just a wink to Moses), but more than 10 are likely to
exist.
ENGAGE VESTIBULAR REHABILITATION BEHAVIORALLY (FAVOR ACTIVE
RETRAINING)
The explosively developing scientific domain of the integrative
and cognitive neurosciences seen during the last decades revealed
first that the brain is continuously plastic [(41, 42) for reviews].
Brain remodeling can be induced at any age, and the neuronal
reorganizations are experience-dependent. The mechanisms of
experience-dependent plasticity clearly contribute to post-stroke
brain reorganization and to the efficacy of rehabilitative training
[(43) for review]. The plastic remodeling of the synaptic connec-
tions obeys the Hebbian principle of neuronal network plasticity,
which tells us that when the brain is engaged behaviorally the
inputs activated simultaneously in time strengthen together and
increase their cooperativity (44). This Hebbian law must apply to
brain injury in general (45), and to the VR therapy-induced plas-
ticity changes in particular. Functional recovery should depend on
the therapeutic training regime, which is expected to be better in
active compared with passive vestibular loss patients. Active train-
ing and physical activity have been shown to induce structural
and functional neuronal reorganizations together with behav-
ioral and cognitive improvements in animal models, compared
with untrained individuals (46). In other words, a patient who is
engaged behaviorally, and actively, will recover faster than a patient
who watches TV all day in a chair.
We provided the first experimental demonstration in monkeys
that the recovery process can be totally blocked when submitting
baboons to sensorimotor restriction just after vestibular injury
(47). In this pioneering work, we developed the sensorimotor
restriction paradigm with the goal of reproducing the behavior
of Menière’s disease patients who are candidates for a curative
vestibular neurectomy, who observed in France for 2 weeks under
bed-rest after surgery that induced a lack of behavioral sensori-
motor activity. Figure 1A shows the behavioral recovery in three
groups of baboons receiving unilateral vestibular neurectomies.
Group 1 was free to move in their natural environment while
the two other groups were submitted to sensorimotor restriction
applied just after surgery, which consisted in immobilizing the
animals in a primate chair for 4 days (group 2) or 20 days (group
3). The results showed that group 1 recovered very fast, within
3 weeks, and that the sensorimotor restriction had totally frozen
the recovery process in the two other groups. In groups 2 and
3, the animals exhibited the typical vestibular syndrome (as seen
just after surgery) when they were replaced in their natural envi-
ronment, without exhibiting any sign of recovery. Additionally,
the time-course of their behavioral recovery was strongly delayed
later on, and was greater the longer the sensorimotor restric-
tion was enforced. Similar results were found in a cat model,
using the same experimental protocol with 1 week of sensori-
motor restriction, which consisted of keeping the cat in a small
box and preventing the animal from standing erect and moving
[(48), cf. Figure 1B].
These data, which clearly indicated that active behavioral
engagement is necessary to start the vestibular compensation
process, have constituted the starting point of VR in France and
other European countries. Active rehabilitation feeds the cen-
tral nervous system with all the normal sensorimotor cues and
regulates vestibular function in healthy subjects (posture orien-
tation and stabilization, gaze stabilization, verticality perception,
and spatial navigation). In vestibular loss patients, these inputs
participate in feedback and feed forward mechanisms used to
recalibrate the impaired vestibular functions. Recent investigations
have attempted to identify the molecular and cellular changes in
the central nervous system in response to physical activity. Several
key responses have been identified in animal models, including
the up-regulation of neurotrophins, increased neurogenesis, and
improved learning and memory. Exercise therefore constitutes a
behavioral intervention to promote brain health, plasticity, and
functional recovery (46).
Taken together, these data corroborate the general statement
that adaptation processes, which require dynamic interactions
between the subject and the environment, are the main basis of
learning and restoration of brain functions. One must therefore
question the therapeutic protocols based only on passive exercises
and habituation (see Favour Adaptation Rather than Habituation
Processes).
BEGIN VESTIBULAR REHABILITATION EARLY (THE CONCEPT OF THE
SENSITIVE PERIOD)
The role of experience in the developing brain has been under-
stood for a long time, and the literature shows higher experience-
dependent plasticity during early sensitive periods. External stim-
uli shape the neural circuitry patterns using synaptic competition
mechanisms, with the most activated neural connections being
validated and those less activated being eliminated. During the
early period of brain development, manipulations of the environ-
mental context considerably alter the neural connectivity and the
functional properties of neurons, as demonstrated in the visual
cortex by the Nobel Prize winners Hubel and Wiesel (50). The
major connectivity patterns can be refined continuously across the
lifespan, through experience and learning. One important ques-
tion for VR therapy is to know if such sensitive periods exist after
vestibular injury and constitute windows of opportunity for phys-
iotherapists. In the stroke domain, several studies showed that
rehabilitative training was more effective if initiated early after
stroke. In the monkey model, beginning training within 1 week
after motor cortical infarct spared the paretic hand representa-
tion in the motor cortex, an effect that was lost if training was
delayed until 30 days post-infarct (51). Thus, is there a critical
plastic window in the vestibular compensation process?
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FIGURE 1 | (A–D)The crucial role of early and active retraining in animal
models of vestibular loss. Data from animal models showing the effects of
restraining the post-lesion sensorimotor activity. (A)The effects of
sensorimotor restriction (SMR) applied just after a unilateral vestibular
neurectomy (UVN) in the monkey (baboon: Papio papio) for a short (4 days) or
longer (20 days) time duration on the behavioral state of recovery (states I–IV
for maximal to minimal posture-locomotor deficits, respectively: ordinates).
The behavioral recovery was frozen as long as the SMR was applied, and the
time to full recovery was strongly delayed compared with unrestrained
animals, the more so the longer the SMR [modified from Lacour et al. (47)].
(B,C)The effects of 1 week of SMR applied at different time windows after
UVN on the recovery of posture (B) and of posturo-locomotor performance
(C) in the cat model. The SMR was applied very early after UVN (SMR 1: day 3
to day 9) or later during the compensatory stage (SMR 2: day 14 to day 20).
Postural asymmetry (B) as well as dynamic equilibrium (C) were strongly
delayed in the cats submitted to SMR1 and SMR2 compared with
unrestrained animals. More drastic effects were observed for the dynamic
equilibrium function with a final level of recovery 1 year post-lesion limited to
40 and 50% of the preoperative maximal performance for the SMR 1 and
SMR 2, respectively [modified from Xerri and Lacour (48)]. (D)The role of
dynamic visual cues on the neuronal response of vestibular nuclei cells to
optokinetic stimulation in the UVN cat. In the intact animal, the neuronal
response (in impulses per second) was limited to the low frequency range of
optokinetic stimuli (0–0.5 Hz). In the UVN cats submitted to passive visual
optokinetic stimulation, there was no change compared with the controls,
while the UVN cats dynamically receiving the optokinetic stimulation showed
strongly increased neuronal responses, the more so the higher the frequency.
In cats moving freely in their optokinetic environment, the visual cues
substituted for vestibular input at high frequencies, up to 1 Hz, a result never
seen in intact cats, which indicates that the post-lesion experience may
determine new neuronal properties that alter the recovery process [modified
from Zennou-Azogui et al. (49)].
In our first proof of concept studies of the critical or sensitive
period, we have applied the sensorimotor restriction paradigm
to unilateral vestibular neurectomy (UVN) cats and investigated
the effects of a 1-week restriction, distributed at different time
periods after vestibular lesion, on the static and dynamic con-
trol of posture and gait (48). A 1-week sensorimotor restriction
applied during the acute stage (first post-lesion week) or dur-
ing the early stage of compensation (third post-lesion week) had
dramatic effects on the time-course of recovery. Not only were
the static and dynamic equilibrium performances of the cats
strongly delayed compared with the UVN cats without restric-
tion, but the final level of recovery was drastically reduced (40 and
50% of the performance of unrestrained animals, respectively: cf.
Figures 1B–C). When applied in a totally compensated cat, at
6 weeks post-lesion, the sensorimotor restriction had no effect. A
comparison of Figures 1B,C shows that the more drastic effects
of the sensorimotor restriction are on the dynamic equilibrium
function recovery.
The critical period we have demonstrated in our cat model cov-
ers the whole first post-lesion month. This time window coincides
with the various plastic reorganizations occurring in the VN and
associated neuronal networks (24) (Figure 2). Most of the basic
mechanisms expressed in the developing brain are re-expressed
after vestibular injury, constituting the brain orchestration of
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FIGURE 2 | Post-lesion vestibular plasticity and vestibular rehabilitation
therapy: inter-relations during the critical period. This figure illustrates the
plastic events occurring in the vestibular nuclei (VN) after unilateral vestibular
deafferentation in animal models. The first event was the up-regulation of
immediate early genes (IEGs) in the very early hours and days, with Fos
immunoreactivity peaking 2 h post-lesion (open histograms) and Zif-268
immunoreactive neurons peaking 1–3 days post-lesion (hatched histograms).
Both IEG expressions declined progressively within 3 days to 1 week
[modified from Gustave Dit Duflo et al. (53) and Lacour and Tighilet (24)].
Many plastic events showed up-regulation peaking at 3 days. Neurotrophin
immunoreactivity occurred 1 day post-lesion, with peak expression of the
brain-derived nerve factor (BDNF: yellow histograms) at 3 days in the VN and
related structures, and a return toward basal expression within the first
post-lesion week. Similar spatio-temporal patterns were found for the nerve
growth factor, the neurotropin 3, and their respective TrKA/TrKC receptors
[modified from Lacour and Tighilet (24)]. Using bromodeoxyuridine (BrdU) as a
newborn cell marker, intense cell proliferation was found in the deafferented
VN after total and sudden unilateral loss of vestibular function, with a peak of
cell proliferation at 3 days (dark blue histograms). Later on, cell proliferation
was followed by cell differentiation (GABAergic neurons, microglial cells, and
astrocytes). At 3 months, 70% of the newborn cells survived (light blue
histograms) [modified from Tighilet et al. (54) and Lacour and Tighilet (24)].
Immunolabeling of markers of inflammatory responses such as tumor
necrosis factor alpha (TNF alpha: black histograms), and of markers of
neuroprotection such as manganese superoxide dismutase (MnSOD: gray
histograms), showed up-regulations detectable as early as 4 h post-lesion,
peaking at 8 h to 1 day and regaining normal values at 3 days to 1 week for
TNF alpha. A more delayed expression for MnSOD was observed at 1 day,
peaking at 3 days and returning to control values at 15 days [modified from
Liberge et al. (55)]. Plasticity of the hypothalamo-pituitary-adrenal axis (HPA or
stress axis) was characterized by an increased immunostaining for
corticotrophin-releasing factor (CRF) and arginine vasopressine in the
paraventricular nucleus of the hypothalamus. CRF up-regulation was
observed as early as 1 day and persisted during the whole compensatory
stage, until 1 month post-lesion (green histograms). An opposite pattern with
down-regulation of the number of CRF-immunoreactive neurons was seen in
the VN (not illustrated). The long-lasting activation of the HPA axis reflects
chronic stress that was no longer present when the animals were totally
compensated at 3 months [modified from Tighilet et al. (56)]. Increased
histidine decarboxylase (HDC) mRNA expression in the TM nuclei was
observed acutely with a peak at 7 days (350% of the basal level) and a return
toward control values at 3 months (red histograms). HDC up-regulation during
the whole compensatory stage (the enzyme synthesizing histamine) points to
the role of the histaminergic system in behavioral recovery [modified from
Tighilet et al. (57) and Lacour and Tighilet (24)]. The up-regulation of the
GABAergic and cholinergic systems (not illustrated) found in the acute (at
1 week) and chronic (at 3 months) stages of vestibular compensation supports
the idea that they play a significant role in the maintenance of compensation
in totally compensated animals. All of the plastic events occurring during the
first post-lesion month are indicative of a critical period (arrow), which should
benefit vestibular rehabilitation and during which vestibular plasticity could be
shaped by vestibular rehabilitation therapies.
neurobiological melodies in response to vestibular deafferentation
(neurogliosis and neurogenesis, the up-regulation of immediate
early genes, neurotrophins, BDNF, and NGF). This early sensi-
tive period for functional reorganization of the neuronal networks
implicated in the cat vestibular functions was typical of an adult
animal submitted to a total and sudden unilateral loss of vestibu-
lar input. The cellular conditions creating such sensitive windows
likely vary in magnitude and time with age, the type of vestibular
damage (sudden versus progressive, and total versus partial, . . .),
and the type of vestibular function to be recovered (posture, gaze,
and navigation, . . .). Indeed, we showed that the plastic events
occurring in the deafferented VN differed considerably depend-
ing on the nature of the vestibular input suppression: neurectomy,
labyrinthectomy, or reversible blockade of vestibular information
by tetrodotoxin (26, 52). Accordingly, these opportunity windows
should differ in patients with vestibular neuritis and acoustic neu-
roma compared with chemical labyrinthectomy and BPPV, with
the former group of vestibular pathologies being closer to our
animal model. The optimal timing of VR therapy and how VR
therapy must be tailored necessitate a better understanding of the
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cross-talk between retraining procedures and post-lesion brain-
plasticity mechanisms (cf. Be Aware of the Instructive Role of
Vestibular Rehabilitation).
BE AWARE OF THE INSTRUCTIVE ROLE OF VESTIBULAR
REHABILITATION
In a paper published 20 years ago, we provided a strong exper-
imental argument in favor of the instructive role of post-lesion
experience on the neuronal properties of VN cells (49). In this
experiment, the response of well-identified second-order VN cells
was recorded in intact cats and in UVN cats housed just after
surgery in different visual environments for 1 month, that is,
during the whole so-called post-lesion sensitive period. One exper-
imental group was housed in the light, a second one received
passive optokinetic stimulation (using the sensorimotor restric-
tion paradigm), and the third group was free to move in the
environment and actively received the same optokinetic stimu-
lation as group 2. The results showed that in the control cat, the
VN cells responded to visual motion in the low frequency range
only (0.1–0.5 Hz), corroborating the general statement that vision
intervenes at low frequencies. The groups of cats housed in the
light or passively receiving visual information showed no neuronal
response changes compared to the controls. However, the UVN
cats actively engaged in the optokinetic environment exhibited
strongly increased neuronal responses, and at higher frequencies
of up to 1 Hz (Figure 1D). These data clearly showed that the VN
cells in this latter group were now able to code fast visual motion
cues on the basis of visual information, and not on the basis of
vestibular inputs as done in the healthy controls. Further exper-
iments with the same paradigm showed that the posturo-kinetic
performance of this group of cats was also better compared with
the others (58).
This important result can be seen as a visual substitution
process at the neuronal level. It also underlies the role of sensori-
motor activity in the functional remodeling of the VN network.
However, the most important point is that this reorganization
depends strongly on the post-lesion experience. Post-lesion inter-
ventions and manipulations can therefore modify the neuronal
properties of deafferented VN cells, and play an instructive role
in functional recovery. In the same line, the newly generated neu-
rons observed in the deafferented VN in the cat model (26, 54)
should be validated by post-lesion experiences and integrated into
the functional VN network. Further experiments showed that this
neurogenesis (and astrogenesis) process played a significant role
in the vestibular function recovery (25). Antimitotic drug (AraC)
infusions in the VN totally blocked the neurogenesis process and
induced a drastic delay of posturo-locomotor recovery (time-
course recovery X 3.5), a result obtained only when infusion was
performed during the first three post-lesion weeks. Again, the
results support the existence of a critical period during which
post-lesion experience could tune the functional properties of the
newly generated VN neurons.
Translated to the clinic, these data suggest that finding an opti-
mal rehabilitation paradigm after vestibular injury requires an
optimal orchestration of the plastic events remodeling the neu-
ronal networks and the VR interventions in accordance with the
post-lesion sensitive period. The VR therapy should be initiated
during this critical plastic time window characterized by major
structural and functional changes. The efficacy of VR therapy
might benefit from coinciding with the early stage of plastic events
expression, and may contribute to stabilizing, guiding, and/or
shaping the newly formed functional connections in the deaffer-
ented VN and associated neuronal networks. This is in agreement
with the top-down approach to vestibular compensation proposed
by Balaban et al. (31). Spontaneous recovery of vestibular func-
tions can be explained by a bottom-up process involving all of
the molecular and cellular events in response to vestibular input
suppression, and VR therapy can shape and refine the reorgani-
zations in a top-down process through specific interventions and
exercises. According to this view, VR therapy could have a lead-
ing role, or at least an instructive role in the process of vestibular
compensation. However, randomized controlled clinical trials are
still lacking to definitively validate this hypothesis. What is true
is that the timing, type, and intensity of VR therapy should be
crucial factors (see Take into Account the Sensory, Motor and
Cognitive Profile of the Patients, Be Careful with Therapeutic Pro-
gression, and Reduce Anxiety and Stress). As stated by Merzenich
et al. (42), “brain-plasticity based therapeutics can be expected to
drive fundamental re-normalizing corrections for distorted brain
systems.”
FAVOR ADAPTATION RATHER THAN HABITUATION PROCESSES
How are the vestibular functions restored? Today three differ-
ent mechanisms of recovery have been reported: restoration,
adaptation, and habituation [cf. (19, 59, 60)].
Restoration means that the lost function is recovered with
the original structural elements and operating mode, before the
vestibular damage. That implies for example that the peripheral
sensory hair cells can regenerate. This aspect of the vestibular com-
pensation process is currently receiving strong research attention,
and data collected in vitro indicate that the intrinsic capacities of
peripheral vestibular synapses to repair do exist (61). The only
indication of such an operating mechanism in humans can be
drawn from patients with vestibular neuritis examined with the
video HIT. A positive HIT recorded for a given canal at the moment
of the disease, which attested to the total loss of function for this
canal, was replaced by a negative HIT some times after an acute
attack of vestibular neuritis (22). The authors reported the case
of one patient with well-identified vestibular neuritis who had a
full restoration of his horizontal canal function after weeks and
months, as shown by the return of the slow phase eye velocity
response to unpredictable head turns to the lesion side and VOR
gain close to 1.0, and as it did so, the quick saccades became
progressively smaller. Such objective measurements of periph-
eral vestibular function indicate that the compensation is due
to the actual restoration of peripheral vestibular sensory func-
tion. Today, this research field needs to define adequate strategies
to reconstitute the altered sensory network and restore inner ear
function.
Restoration of the VOR in humans with a vestibular neuro-
prosthesis seems a promising solution in the very near future,
and particularly for patients with bilateral vestibular deficits. The
vestibular neuroengineering research has recently developed an
artificial version of the vestibular system, called the vestibular
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implant. The external part of the vestibular implant registers
head movements with gyroscopes and accelerometers. A micro-
processor computes the measurements and transmits results to
the internal part, which has electrodes connected to the branches
of the vestibular nerve or located within the semicircular canals
(62). The technological and physiological feasibility of vestibular
implant was investigated and verified in animal models (63–66).
The brain appears to adapt plastically to the cues provided via arti-
ficial electrical stimulation of the vestibular nerve or ampullary
neurons. Research to date includes just a few human studies per-
formed by two teams that work together: the department of ENT
at the University Hospital Geneva, and the department of otorhi-
nolaryngology and head neck surgery at the Maastricht University
Medical Center. Eye movements were produced in response to
electric stimulation of the human posterior ampullary nerve (67)
and lateral and superior ampullary nerves (68), and restoration of
the VOR was observed with a prototype vestibular neuroprosthesis
(69). These important results allow clinicians to envision clinically
useful rehabilitation of bilateral vestibular loss patients.
Adaptation is usually described in the literature as two separate
mechanisms called sensory substitution and behavioral substi-
tution, even though this categorization can differ according to
authors. The common characteristic of these two recovery mecha-
nisms is that they constitute learning processes, which are acquired
actively and require dynamic interactions of the subject with the
environment. In both cases, the lost function is not restored but
replaced by a new operating mode using either other sensory cues
or a newly elaborated behavioral strategy. This means that adap-
tation is a qualitative variation of the response, resulting from
positive learning.
The vestibular functions are highly dependent on multisensory
integration processes that combine vestibular, visual, somatosen-
sory, and haptic cues. They depend on multiple reference frames
(geocentric, allocentric, and egocentric). Vestibular loss patients
can select a new reference frame for posture control and orienta-
tion perception (12). This is done by a re-weighting of the remain-
ing sensory cues. The literature is rich with examples showing that
visual cues compensate for the loss of vestibular information and
substitute as a reference for Earth vertical in controlling posture
and trunk stability (70). Sensory substitution is not, however, a
uniform process, but varies widely among individuals (see Do
not Use a Stereotyped Vestibular Rehabilitation Protocol). On the
other hand, lost dynamic vestibular functions can be replaced by
new behavioral strategies involving several neuronal networks dis-
tributed in the brain, which reorganize to mimic the lost function
(71). The micro-saccades first described in the frog model (72)
are a good illustration of a behavioral strategy substituting for
normal VOR that aim at maintaining adequate gaze stabilization.
More recently, the Australian group described the covert saccades,
which are a substitute for the missing dynamic VOR function in
vestibular loss patients, and prevent oscillopsies during head rota-
tion at high frequency. The covert saccades maintain near-normal
gaze stabilization (11, 18, 73). Again, behavioral substitution had
great variability among individuals (see Do not Use a Stereotyped
Vestibular Rehabilitation Protocol). Interestingly, the covert sac-
cades were also found when the HIT was performed passively
(21, 22). What triggers the covert saccades in passive conditions
remains an open question. However, these authors suggest that
the covert saccades could be produced by neck afferents being
triggered at the very start of the head turn and not as the result
of an increased gain of the cervico-ocular reflex (COR), which
would generate slow phase eye velocity. Potentiation of the COR
may be valuable for passive low acceleration head movement, but
not during abrupt high acceleration head turns.
Habituation differs from adaptation for several reasons. Strictly
speaking, habituation is the progressive reduction of a response
due to the monotonous repetition of the same stimulus, until
the response totally vanishes. It is acquired passively (it does not
need active training), and it represents a quantitative variation of
the response (not a qualitative variation). The goal for habitua-
tion processes is “do not respond” instead of “respond differently”
for the adaptation processes. From a physiological point of view,
the mechanisms underlying habituation are totally different from
those responsible for adaptation. The acquisition of habituation
is due to a decrease in the excitatory post-synaptic potentials as a
result of calcium channel blockades at the pre-synaptic level, while
retention of habituation is due to the expression of second mes-
sengers and the synthesis of new proteins modifying the structure
of the synapses (Hebbian plasticity). VR therapy based on habitua-
tion exercises is not so commonly used. The Habituation Training
Program elaborated by Norré and Becker (74) for vestibular loss
patients does not really fit with the habituation concept because
the exercises they proposed are performed actively by the patients,
thus activating both feedback and feed forward mechanisms. The
same is true for the Brandt and Daroff exercises elaborated for
the treatment of the BPPV (75). These VR therapies more likely
constitute desensitization practices, that is, the learning to tolerate
abnormal or disturbing responses. They have a place in the treat-
ment of many symptoms including visual dependence and visual
vertigo. Including optokinetic stimulation in a VR protocol can be
a good way to reduce visual dependence (76, 77).
Vestibular rehabilitation therapy should focus on adaptation,
particularly for the restoration of the dynamic functions. Sen-
sory substitution is a powerful tool for compensating vestibular
loss, and it is relatively easy to increase the remaining inputs by
manipulating the visual cues (eyes open, eyes closed, and opto-
kinetic stimulation), by manipulating balance control (on stable
surfaces, on foam, and on unstable surfaces), and by combining
both protocols. Sensory addition is another tool. Sensory biofeed-
back based on various sensory inputs can be helpful in a VR
protocol (70, 78). Augmenting sensory information by provid-
ing visual, auditory, and somatosensory input has been shown
to reduce postural sway during stance and gait (79, 80). The
electrotactile vestibular substitution system (BrainPort) is a new
treatment modality in vestibular loss patients. It is a human–
machine interface that transmits information about patient’s head
position via electrotactile stimulation of the tongue (81). The effi-
cacy of the BrainPort balance device has been observed in bilateral
vestibular loss patients (82) and in patients with peripheral and
central vestibular loss (83). Significant improvements in patient’s
symptoms (the DHI questionnaire), posture stability (the comput-
erized dynamic posturography system), and gait (the dynamic gait
index test) were reported. Balance improvement in patients with
vestibular disorders has also been obtained through instrumental
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rehabilitation with new moving platforms providing predictable
perturbations (84–86). Such powered platforms allow the patient
to rely not only on feedback mechanisms for control of posture,
but also on feed forward mechanisms: the patient learns to antic-
ipate the appropriate muscle responses to counteract the balance
perturbations.
DO NOT USE A STEREOTYPED VESTIBULAR REHABILITATION
PROTOCOL
The pathophysiology of vestibular disorders is so varied that it is
not conceivable to have a unique VR protocol for all patients. In
addition, the sensory and behavioral strategies used for recov-
ery are so different among individuals that a unique protocol
would be non-sense. The recovery of balance control in static and
dynamic conditions as well as the recovery of gaze stabilization
is achieved differently among patients, indicating that vestibu-
lar compensation constitutes a vicariant idiosyncratic process,
with each individual finding his/her own solution to vestibular
loss-induced problems.
In their studies of ocular stability during active eye–head turn-
ing in normal monkeys, Bizzi et al. (87, 88) investigated the relative
contribution of vestibular and neck afferents to the compensatory
eye movements. They showed that at least 95% of ocular stability
was due to the vestibular loop, and that the contribution of the
neck loop was negligible. They were also the first to investigate the
mechanisms underlying recovery of eye–head coordination fol-
lowing bilateral labyrinthectomy in monkeys (89). These authors
described that there were at least three mechanisms underlying
the recovery of compensatory eye movements, which reaches 90%
within 7 weeks: an increase in gain of the neck loop, the occur-
rence of centrally programed compensatory eye movements, and
a recalibration of the saccadic and head motor system. The major
contribution of the saccadic system to compensatory eye move-
ments was demonstrated thereafter in other animal models [(72):
frog] and in vestibular defective human beings (90). The covert
saccade discovered by the Australian group and evoked previ-
ously is a behavioral strategy able to restore near-normal dynamic
visual acuity in unilaterally vestibulopathic humans (91) as well
as patients with bilateral vestibular hypofunction (92). However,
the behavioral strategies substituting for the lack of dynamic VOR
function vary considerably among patients. Some patients close
their eyes during head rotation and open their eyes at the end
of head rotation, thus avoiding any retinal slip and oscillopsia.
A variation of this strategy is to perform several blinks during
head rotation (Michel Toupet, personal communication), a strat-
egy that samples eye positions, with the brain reconstructing head
motion. Another strategy is to slowly move the whole body as a
block. In this case, the optokinetic reflex is activated and gaze sta-
bilization is achieved, at least in the low frequency range, which
unfortunately does not correspond to the normal range of head
displacement. Finally, using fMRI investigations in UVN patients,
a German group described a strong deactivation of the visual cor-
tex during optokinetic stimulation (93). Suppression of cortical
visual motion processing during head rotation could constitute
another strategy used for suppression of the perception of reti-
nal slips. Such idiosyncratic strategies, depending on the patients
themselves, have been observed in the cat model (53). Impaired
eye–head synergy was recovered in 50% of the UVN cats by
changing the temporal pattern of neck muscle activity without
re-weighting of the visual cues (behavioral substitution by the
coactivation of neck muscles) while the second half of the popula-
tion increased the visual input weight without modifying the neck
muscle activation pattern (pure visual substitution process).
Patients’ recovery of gaze and balance is achieved by vicarious
idiosyncratic strategies, a concept that has direct implications for
VR therapy. The VR physiotherapist first has to suppress the mal-
adaptive strategies observed in their patients. Avoidance strategies
that limit head movements, as well as the use of blinks during head
rotation that limit visual perception, must be suppressed. Opening
the eyes and keeping the head free in space during head rotation
to the injured side are instructions to provide to the patients. VR
therapy must also unlearn these maladaptive strategies and help
to find more adaptive strategies using exercises based on learning.
The dynamic visual acuity test should be used to more or less per-
fectly restore the impaired VOR and the patient’s ability to perceive
objects accurately while actively moving his/her head (94–97). The
VR physiotherapist also has to check the sensory strategy used by
the patients and to adapt their protocols accordingly (see Take into
Account the Sensory, Motor and Cognitive Profile of the Patients).
TAKE INTO ACCOUNT THE SENSORY, MOTOR, AND COGNITIVE PROFILE
OF THE PATIENTS
As previously reported, most of the vestibular functions are
achieved on the basis of multisensory integration processes
described at all levels of the vestibular pathways, from the VN
to the thalamus and cortical areas (the parieto-insular cortex, and
areas 3a, and 2v) considered to be the multi-site vestibular cortex
[see Lopez and Blanke (98) for review]. Visual and somatosensory
cues as well as the remaining vestibular inputs from the intact
side are good candidates to substitute for the missing vestibular
information on the diseased side.
Investigations on posture control using static and dynamic
platforms have pointed to the substitution role of these different
sensory cues. Creath et al. (99) reported that the best compen-
sated patients with unilateral vestibular loss, regarding postural
orientation and stabilization, were those who used their remain-
ing vestibular function, sometimes as much as controls with intact
bilateral vestibular function, while others did not. In Menière’s
patients, who were submitted to a UVN, two different post-lesion
sensory strategies for balance control were observed (100). Half
of the subjects used their vision and had a better postural perfor-
mance with their eyes open compared to with their eyes closed
(visual strategy), while the other half had less instability with their
eyes closed (somatosensory or proprioceptive strategy). However,
too strong a reliance on vision can create a visual dependence
that will impair the recovery of balance control (77). Another
important point is that sensory strategies are typical of particu-
lar contexts, and can change in other environmental conditions.
Menière’s patients were found to shift from one spatial refer-
ence frame to another, from internal to external references or
vice versa, when manipulating the visual world (101). In severe
bilateral vestibular patients after ototoxic loss, the postural per-
formance of some subjects was better than others when using
their vision (102), haptic cues (99), or proprioceptive inputs
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(103). However, too large a reliance on substitution information
can impair balance performance. Poorly compensated vestibular
patients exhibited great instability because their proprioceptively
triggered responses were too large (103), a result already reported
in bilateral labyrinthectomised cats (104).
Taken together, these data show that sensory cues substitut-
ing for the missing vestibular information vary widely among
individuals. Because different reference frames are used for body
orientation and stabilization, VR therapy must be customized for
each patient. The behavioral and cognitive aspects should also be
checked. Physiotherapists should determine the sensory profile,
or perceptive style, of their patients to adapt their VR therapy
by incorporating the most adequate exercises in their protocol.
The patient’s sensory profile can be determined with different
tools such as the SVV test, static and dynamic posturography,
and manipulation of the sensory contexts (balance control on
stable/unstable platforms, with or without foam, and with eyes
open, closed, or during optokinetic stimulation). Rehabilitation
programs of balance recovery should include the SVV perception
test. This simple test may disclose tilts or verticality mispercep-
tions due to otolith or vestibular pathway impairment (105) as
well as stroke (106). The behavioral strategy the patients use can be
determined by direct examination and their cognitive style can be
assessed by different questionnaires (the DHI test, and anxiety and
depression scales). Physiotherapists also have to fight a too strong
dependence on particular input by desensitization maneuvers.
BE CAREFUL WITH THERAPEUTIC PROGRESSION
Today, there are no generally accepted guidelines and no definite
recommendations concerning the different facets of VR therapy,
that is, timing, type, intensity, and duration. In addition, VR ther-
apy protocols should depend on the nature of the vestibular deficit
and on the sensorimotor and cognitive profile of the patients,
which are other reasons why it is difficult to propose a unique
protocol.
Nevertheless, general principles and recommendations must be
proposed. Most of them have been summarized in a recent review
(31). According to these authors, therapeutic progression must
proceed from the head to locomotion in a top-down strategy of
exercise progression (107, 108). Eye and head movements will first
be performed in the seated subject, if the subject is not able to
stand safely, and in static postural conditions if an upright posture
is possible. Stability limitations will be observed in more challeng-
ing situations, with the eyes closed, on foam, and with increasing
rotation speeds of the head. Dynamic gait rehabilitation will fol-
low using the same progression pattern. VR therapy must be seen
as a sequential process with intermediate goals, or as a stepwise
learning process (31).
The VR therapy must impact all facets of the vestibular syn-
drome, that is, the postural, oculomotor, and perceptive symptoms
following vestibular injury, in addition to the associated neu-
rovegetative symptoms that must first be addressed. Prior to VR
therapy, nausea, vomiting, and vertigo must be stopped or reduced.
Antiemetics and anti-vertigo drugs can be useful in the early acute
stage, that is, 2–3 days after vestibular injury, and should then be
stopped. Spontaneous nystagmus will be reduced by eye fixation
exercises. The rehabilitation exercises must target all sub-systems
sub-serving dynamic gaze stabilization, balance control, and spa-
tial perception. Regaining eye motion control and eye–head coor-
dination are primary goals of VR therapy (107, 108). The dynamic
VOR recovery is limited in part due to the restriction of head
movements (the head on trunk stiffness strategy that has to be
unlearned), and exercises based on active head motion in space
will be performed for gaze recovery in a static posture, and then
in more dynamic challenging conditions, such as while walking,
hopping, and running.
The incorrect progression of VR exercises may lead to poor
recovery and/or long-lasting rehabilitation therapy interventions.
The physiotherapist must question the validity of the VR therapy
when a patient still has important complaints after 100 training
sessions, as we have sometimes observed. It is only in private dia-
log with the patient that the physiotherapist will determine the
underlying reasons for the failure of the VR therapy.
REDUCE ANXIETY AND STRESS
The vestibular syndrome resulting from vestibular injury alters
homeostasis and initiates an adaptive stress response, which in
turn induces the release of glucocorticoids via the activation of
the hypothalamo-pituitary-adrenal (HPA) axis. Stress-related hor-
mones have been found in different animal models. HPA activation
was observed in vestibular deafferented pigmented guinea pigs
(109). Our findings in the UVN cat showed an up-regulation
of Fos expression underlying increased cell activity in the par-
aventricular nucleus (PVN) of the hypothalamus (53), a neuroen-
docrine plasticity mechanism that supports the adaptive response
to vestibular loss-induced stress. This was confirmed by modifi-
cations of the regulation of corticotrophin-releasing factor and
arginine vasopressine in the PVN and the VN (56). The release
of glucocorticoids is known to contribute to the neurochemical
mechanisms of vestibular compensation (110), and agonists and
antagonists of the glucocorticoid receptors accelerate and slow
postural compensation, respectively (111).
Interestingly, a long-lasting activation of the HPA axis was
found in our cat model (56). This could reflect chronic stress
during the whole compensatory period, lasting until the animal
remained totally free of vestibular symptoms. Whether stress is
detrimental or not remains an open question in the literature,
but it is very likely that a high level of stress would impair func-
tional recovery. Vestibular injury constitutes a stressor signal, and
stressed patients behave differently than unstressed subjects, par-
ticularly in challenging situations in which they do not engage
behaviorally in the same way. Reducing stress in vestibular loss
patients by using behavioral and/or cognitive therapies should be
a goal of physiotherapists.
Anxiety and depression are other psychological factor that can
interfere in the compensation process; they must be taken into
account in a VR protocol. Using the hospital anxiety and depres-
sion scale, it was found that patients with vertigo had significantly
higher scores compared with healthy controls (112). We used
evaluation questionnaires to examine the compensation level of
vestibular loss patients (the Dizziness Handicap Inventory test),
their general anxiety level (the Short Anxiety Screening Test), and
their fear of height and avoidance of risky situations (a subjective
scale). The patients showed higher scores compared with control
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subjects when examined a long time after vestibular injury (30).
The positive effects of VR therapy based on exercises aimed at
improving the VOR gain and balance control have been described
by the emotional aspects of chronic vestibular deficit patients
(113). Again, physiotherapists must keep in mind the psychologi-
cal profile of their patients, and in case of severe anxiety disorders
or panic disorders, the anxiety and depression should be treated
first. Moreover, anxiety and stress can impair cognitive functions
by inducing structural modifications such as dendritic atrophy and
spine reduction, notably in the hippocampus (114) and nervous
structures linked to the VN [locus coeruleus and the dorsal raphe
nucleus, see in Ref. (115, 116)]. Spatial navigation, for example, is
one of the cognitive aspects of vestibular compensation that can
be sensitive to acute and chronic stress. Deficits in path integration
were observed in unilateral vestibular loss patients, which could
not result from the vestibular deficit alone (117).
De-compensation, a phenomenon referring to patients again
experiencing, partially or totally, the vestibular syndrome a long
time after compensation (vertigo, instability, and nystagmus), can
be induced by highly stressful situations. This has been observed
in labyrinthectomised rats placed in weightlessness situations
(118). Some compensated vestibular loss patients reported the
de-compensation phenomenon in supermarkets or in crowded
streets and in situations in which moving visual scenes are
present. The physiotherapist must inform patients of this poten-
tial de-compensation phenomenon, particularly after alcohol
consumption and the use of sedative drugs.
FAVOR ECOLOGIC SITUATIONS AND CONTEXTS
Because the ultimate goal of VR therapy is to regain a good quality
of life, VR therapy protocols must incorporate interventions and
exercises that patients encounter in most of their daily life situa-
tions. Another reason to promote the use of more natural contexts
is the difference often noted between the standardized outcomes
under unattractive laboratory situations and the functional gains
for daily life activities. Moreover, enriched environments have been
shown to represent significant therapeutic potential by inducing
neuroprotective mechanisms that improve behavioral outcomes
after experimental brain injury [(119); cf. Motivate the Patients).
The role of enrichment in remediating brain injury in animal
models is very well known. Environmental enrichment results
in a number of molecular and morphological alterations, which
are thought to underpin changes in neuronal functioning and
behavior (44, 45).
In most cases, clinical settings after traumatic brain injury
include multi-modal stimulation, physical and cognitive therapy
that can be seen as enriched environments. VR protocols should
use such enriched ecologic contexts as paradigms that enhance
and promote engagement with cognitive, social, and physical
stimulation. Functional relevance, duration, timing, novelty, and
complexity are other components of environmental enrichment
that contribute to better general functional outcomes. Much work
has still to be done, however, to clarify our understanding of envi-
ronmental enrichment as a therapeutic tool after brain injury in
humans [see Alwis and Rajan (45) for review].
Virtual reality is a relatively new technology that can repro-
duce daily life situations and contexts that are more motivating
for patients. It creates an immersive experience or a sense of
three-dimensionality such that subjects believe that they are mov-
ing within a realistic world. This technology is used to enhance
perception, elicit automatic motor responses, and increase sen-
sorimotor adaptation (120). Similar to prism adaptation, virtual
reality technology can be used to alter the egocentric and allocen-
tric representations of the world. It has been included in NASA
programs to decrease motion sickness susceptibility in astronauts
during microgravity space flights, and to facilitate their behav-
ioral recovery when returning to 1 g gravity (121). The beneficial
effects of virtual reality were also reported in patients with periph-
eral vestibular dysfunction exhibiting visual vertigo symptoms
(122). However, this sophisticated technology is costly and thus
cannot be used by the whole community of practitioners. Other
limitations include virtual reality-induced anxiety and fear, partic-
ularly in older subjects. For aged patients, Tai Chi exercises can be
recommended, notably for improving balance control and reduc-
ing the risk of falling (123, 124). Playing tennis or badminton
and dancing are more natural exercises requiring a high level of
dynamic eye–head coordination at a lower cost. General activity
exercises performed daily at home (walking and cycling) are also
recommended.
The dual-tasking condition is very common in most day life
conditions, and it represents another ecologic context in which
a simple postural task is paired with cognitive activity (talking
while walking). Competition for attentional resources is a conse-
quence of simultaneously performing balance tasks and cognitive
tasks, and age-related changes in posture control were reported
in healthy subjects (125–127). Interference between postural con-
trol and mental task performance was also observed in patients
with vestibular disorders (29). The postural performance decre-
ment observed in vestibular loss patients during dual-tasking likely
reflects their inability to share attentional resources between the
two tasks. By focusing their attention on the postural task [the
“posture first principle” described in older adults under dual-
tasking situations; see Shumway-Cook et al. (125)], vestibular
patients use maladaptive behaviors like the “stiffness-like” strategy
(30) and exhibit poor postural performance. VR protocols should
systematically incorporate the dual-tasking paradigm because of
the cross-domain attentional resource competition that it creates.
MOTIVATE THE PATIENTS
A patient who walks backwards for VR therapy sessions has lim-
ited chances to recover fast and optimally. Patient motivation is a
crucial factor that the physiotherapist has to take into account and
to promote.
Many recently developed devices allow intense training without
continuous and costly physiotherapy assistance. Modern set-ups
and training devices are combined with biofeedback games or
video games that can boost the motivation of the patient. An exam-
ple is the use of static or dynamic platforms on which the patient is
asked to maintain equilibrium, while looking at a screen on which
are displayed his/her own center of gravity together with colored
balloons appearing at different locations. The “game” consists of
reaching the balloons with the image of the center of gravity, by
moving the whole-body leftward/forward or leftward/rightward.
A score can be given for each session, and the patient can see the
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improvement of his/her performance session after session. Train-
ing presented in game-like training formats on mobile devices or
computers is another way to boost motivation for VR therapy. The
Nintendo Wifi balance Board has been used in VR protocols (128).
While described as a friendly alternative, our feeling is that it does
not constitute a real new perspective for the future.
The use of a mental imagery training procedure could be
another paradigm to improve vestibular compensation and to
motivate patients who restrain their head and body movements
after a vestibular deficit. Motor imagery has been applied in reha-
bilitation programs of neurological patients after stroke and some
studies reported a beneficial influence on motor functions (129,
130). Neuroimaging studies reported that the efficacy of motor
imagery in post-stroke rehabilitation was based on overlapping
neural networks involved in both imagined and executed body
movements (131). It can be postulated that integrating imagined
whole-body movements in a VR protocol can improve func-
tional recovery (132). This hypothesis is based on functional MRI
investigations showing that imagined self-body rotations activate
the temporo-parietal junction and the posterior parietal cortex
(133), that is, cortical areas overlapping with the human vestibular
cortex (134).
Ecologic situations are also more motivating for the patient
than unattractive laboratory tools. And as discussed previously
(see Favor Ecologic Situations and Contexts), environmental
enrichment-based rehabilitation is another solution to motivate
patients, to enhance functional recovery, and to obtain a good
quality of life.
CONCLUSION
This review aimed to provide physiotherapists with an under-
standing of the brain-plasticity mechanisms responsible for spon-
taneous recovery after vestibular injury, and of the interaction
that VR therapy may have with basic recovery mechanisms. It
highlights the critical plastic time window of internal processes of
reorganization and of VR interventions. VR therapy is indicated
in any form of vestibular injury, including BPPV (a particular
form of VR therapy), chronic poorly compensated patients, and
aged and dizziness subjects, as well as patients with visual ver-
tigo and motion sickness. There is not one optimal VR therapy
per se because functional recovery depends on so many intrinsic
(vestibular pathology, age, motivation, and anxiety) and extrinsic
(environmental context) factors. This review provides clinicians
with common sense principles and recommendations for achiev-
ing their patient’s best recovery in every daily life situations and
for regaining a good quality of life. VR therapy paradigms that
enhance engagement with physical, cognitive, and social stimula-
tion and that include novel and multi-modal stimulation result in
better general functional outcomes. Active and early VR therapy
is crucial, as well as the progression of the exercises in the pro-
tocol, which has to be patient-dependent by taking into account
the sensorimotor, cognitive, and emotional profiles of the indi-
vidual patients. Poor compensation can be explained in part
by maladapted VR therapy protocols, and the de-compensation
process might be explained by anxious and stressing environments.
The outcomes of VR therapy should be corroborated by both
subjective self-evaluation by the patient and objective laboratory
measurements.
REFERENCES
1. Lacour M, Borel L. Vestibular control of posture and gait. Arch Ital Biol (1993)
131:81–104.
2. Wilson VJ, Melvill Jones GM. Mammalian vestibular physiology, Plenum press,
New York, London, 318 ppients: development of the Vertigo symptom scale. J
Psychosomatic Res (1979) 36:731–41.
3. Angelaki DE, Cullen KE. Vestibular system: the many facets of a multimodal
sense. Annu Rev Neurosci (2008) 31:125–50. doi:10.1146/annurev.neuro.31.
060407.125555
4. Ferre ER, Longo MR, Fiori M, Haggard P. Vestibular modulation of
spatial perception. FrontHumNeurosci (2013) 7:660. doi:10.3389/fnhum.2013.
00660
5. Angelaki DE, Klier EM, Snyder LH. A vestibular sensation: probabilistic
approaches to spatial perception. Neuron (2009) 64:448–61. doi:10.1016/j.
neuron.2009.11.010
6. Lopez C, Lenggenhager B, Blank O. How vestibular stimulation interacts
with illusory hand ownership. Conscious Cogn (2010) 19:33–47. doi:10.1016/j.
concog.2009.12.003
7. Figliozzi F, Guariglia P, Silvetti M, Siegler I, Doricchi F. Effects of vestibular
rotatory accelerations on covert attentional orienting in vision and touch. J
Cogn Neurosci (2005) 17:1638–51. doi:10.1162/089892905774597272
8. Smith PF, Geddes LH, Baek JH, Darlington CL, Zheng Y. Modulation of mem-
ory by vestibular lesions and galvanic vestibular stimulation. Front Neurol
(2010) 1:141. doi:10.3389/fneur.2010.00141
9. Lenggenhager B, Lopez C, Blank O. Influence of galvanic vestibular stimulation
on egocentric and object-based mental transformations. Exp Brain Res (2008)
184:211–21. doi:10.1007/s00221-007-1095-9
10. Lopez C. A neuroscientific account of how vestibular disorders impair bodily
self-consciousness. Front Integr Neurosci (2013) 7:91. doi:10.3389/fnint.2013.
00091
11. Curthoys IS, Halmagyi GM. Vestibular compensation: a review of the oculo-
motor, neural, and clinical consequences of unilateral vestibular loss. J Vestib
Res (1995) 5:67–107. doi:10.1016/0957-4271(94)00026-X
12. Borel L, Lopez C, Peruch P, Lacour M. Vestibular syndrome: a change in inter-
nal spatial representation. Clin Neurophysiol (2008) 38:375–89. doi:10.1016/j.
neucli.2008.09.002
13. Smith PE. Vestibular-hippocampal interactions. Hippocampus (1997)
7:465–71. doi:10.1002/(SICI)1098-1063(1997)7:5<465::AID-HIPO3>3.0.
CO;2-G
14. Brandt T, Schautzer F, Hamilton DA, Bruning R, Markowitsch HJ, Kalla R, et al.
Vestibular loss causes hippocampal atrophy and impaired spatial memory in
humans. Brain (2005) 128:2732–41. doi:10.1093/brain/awh617
15. Jacob RG, Furman JM. Psychiatric consequences of vestibular dysfunction.
Curr Opin Neurol (2001) 14:41–6. doi:10.1097/00019052-200102000-00007
16. Smith PF, Curthoys IS. Mechanisms of recovery following unilateral
labyrinthectomy: a review. Brain Res Rev (1989) 14:155–80. doi:10.1016/0165-
0173(89)90013-1
17. Lacour M, Toupet M, Denise P, Christen Y. Vestibular Compensation: Facts,
Theories and Clinical Perspectives. Paris: Elsevier (1989). 308 p.
18. Curthoys IS, Halmagyi GM. Vestibular compensation: clinical changes in
vestibular function with time after vestibular loss. In: Büttner U, editor.Vestibu-
lar Dysfunction and its Therapy. Basel: Karger (1999). p. 82–110.
19. Lacour M. Restoration of vestibular function: basic aspects and practical
advances for rehabilitation. CurrMed Res Opin (2006) 22:1651–9. doi:10.1185/
030079906X115694
20. Halmagyi GM, Curthoys IS, Cremer PD, Henderson CJ, Todd MJ, Staples
MJ, et al. The human horizontal vestibulo-ocular reflex in response to high-
acceleration stimulation before and after unilateral vestibular neurectomy. Exp
Brain Res (1990) 81:479. doi:10.1007/BF02423496
21. McDougall HG, Curthoys IS. Plasticity during vestibular compensation: the
role of saccades. Front Neurol (2012) 3:21. doi:10.3389/fneur.2012.00021
22. Manzari L, Burgess AM, McDougall HG, Curthoys IS. Vestibular function after
vestibular neuritis. Int J Audiol (2013) 52:713–8. doi:10.3109/14992027.2013.
809485
23. Lacour M. Betahistine treatment in managing vertigo and improving vestibular
compensation: clarification. J Vestib Res (2013) 23:139–51. doi:10.3233/VES-
130496
24. Lacour M, Tighilet B. Plastic events in the vestibular nuclei during vestibu-
lar compensation: the brain orchestration of a “deafferentation” code. Restor
Neurol Neurosci (2010) 28:19–35. doi:10.3233/RNN-2010-0509
www.frontiersin.org January 2015 | Volume 5 | Article 285 | 11
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lacour and Bernard-Demanze Vestibular rehabilitation
25. Dutheil S, Lacour M, Tighilet B. Neurogenesis and astrogenesis contribution
to the recovery of vestibular functions in the adult cat following unilateral
vestibular neurectomy: cellular and behavioural evidence. Neuroscience (2009)
164:1444–56. doi:10.1016/j.neuroscience.2009.09.048
26. Dutheil S, Lacour M, Tighilet B. The neurogenetic potential of the vestibular
nuclei and the recovery time course in the adult cat are governed by differ-
ent mechanisms depending on the nature of the vestibular damage. Plos One
(2011) 6(8):e22262. doi:10.1371/journal.pone.0022262
27. Agrawal Y, Carey JP, della Santina C, Schubert MC, Minor LB. Disorders of bal-
ance and vestibular function in US adults. Arch InternMed (2009) 169:938–44.
doi:10.1001/archinternmed.2009.66
28. Neuhauser HK, von Brevern M, Radtke A, Lezins F, Feldmann M, Ziese T,
et al. Epidemiology of vestibular vertigo: a neurotologic survey of the general
population. Neurology (2005) 65:898–904. doi:10.1212/01.wnl.0000175987.
59991.3d
29. Yardley L, Gardner M, Bronstein A, Buckwell D, Luxon L. Interference between
postural control and mental task performance in patients with vestibular dis-
order and healthy controls. J Neurol Neurosurg Psychiatry (2001) 71:48–52.
doi:10.1136/jnnp.71.1.48
30. Young LR, Bernard-Demanze L, Dumitrescu M, Magnan J, Borel L,
Lacour M. Postural performance of vestibular loss patients under
increased postural threat. J Vestib Res (2012) 22:129–38. doi:10.3233/VES-
2012-0449
31. Balaban CD, Hoffer ME, Gottshall KR. Top-down approach to vetibular com-
pensation: translational lessons from vestibular rehabilitation.BrainRes (2012)
1482:101–11. doi:10.1016/j.brainres.2012.08.040
32. Soto E, Vega R. Neuropharmacology of vestibular disorders. Curr Neurophar-
macol (2010) 8:26–40. doi:10.2174/157015910790909511
33. WHO. Macroeconomics and Health: Investing in Health for Economic Develop-
ment. World Health Report (2001). 200 p.
34. Cawthorne T. The physiological basis of head exercises. J Charter Soc Physiother
(1944) 30:106–7.
35. Cawthorne T, Cooksey FS. Original Cawthorne Cooksey rehabilitation exer-
cises. Proc R Soc Med (1946) 39:270–3.
36. Shumway-Cook A, Horak FB. Rehabilitation strategies for patients with
vestibular deficits. Neurol Clin (1990) 8:441–57.
37. Cohen HS. Disability and rehabilitation in the dizzy patient. Curr Opin Neurol
(2006) 19:49–54. doi:10.1097/01.wco.0000194373.08203.33
38. Herdman SJ. In: Herdman SJ, editor. Vestibular Rehabilitation. Philadelphia,
PA: F.A., Davis (2007). p. 309–37.
39. Hillier SL, McDonnell M. Vestibular rehabilitation for unilateral periph-
eral vestibular dysfunction. Cochrane Database Syst Rev (2007) 2007:1–73.
doi:10.1002/14651858.CD005397.pub3
40. Hillier SL, McDonnell M. Vestibular rehabilitation for unilateral
peripheral vestibular dysfunction. Cochrane Database Syst Rev (2011)
2011(16):CD005397. doi:10.1002/14651858.CD005397.pub3
41. Merzenich MM. Soft-Wired:How theNewScience of Brain Plasticity CanChange
Your Life. San Francisco, CA: Parnasus Publishing (2013).
42. Merzenich MM, Van Vleet TM, Nahum M. Brain plasticity-based therapeutics.
Front Hum Neurosci (2014) 8:385. doi:10.3389/fnhum.2014.00385
43. Allred RP, Kim SO, Jones TA. Use it and/or lose it – experience effects on
brain remodelling across time after stroke. Front Hum Neurosci (2014) 8:379.
doi:10.3389/fnhum.2014.00379
44. Hebb DO. The effects of early experience on problem-solving a t maturity. Am
Psychol (1947) 2:306–7.
45. Alwis DS, Rajan R. Environmental enrichment and the sensory brain: the role
of enrichment in remediating brain injury. Front Syst Neurosci (2014) 8:156.
doi:10.3389/fnsys.2014.00156
46. Cotman CW, Berchtold NC. Exercise: a behavioural intervention to enhance
brain health and plasticity. Trends Neurosci (2002) 25:292–8. doi:10.1016/
S0166-2236(02)02143-4
47. Lacour M, Roll JP, Appaix M. Modifications and development of spinal reflexes
in the alert baboon (Papio papio) following a unilateral vestibular neurotomy.
Brain Res (1976) 113:255–69. doi:10.1016/0006-8993(76)90940-9
48. Xerri C, Lacour M. Compensation of the deficits in posture and kinetics
following unilateral vestibular neurectomy in cats. Acta Otolaryngol (1980)
90:414–20. doi:10.3109/00016488009131743
49. Zennou-Azogui Y, Xerri C, Harlay F. Visual sensory substitution in vestibu-
lar compensation: neural substrates in the alert cat. Exp Brain Res (1994)
98:457–73. doi:10.1007/BF00233983
50. Hubel DH, Wiesel TN. Binocular interaction in striate cortex of kittens reared
with artificial squint. J Neurophysiol (1965) 28:1041–59.
51. Barbay S, Plautz EJ, Friel KM, Frost SB, Dancause N, Stowe AM, et al. Behavioral
and neurophysiological effects of delayed training following a small ischemic
infarct in primary motor cortex of squirrel monkeys. Exp Brain Res (2006)
169:106–16. doi:10.1007/s00221-005-0129-4
52. Lacour M, Dutheil S, Lopez C, Tighilet B, Borel L. Tell me your vestibular deficit,
and I’ll tell you how you’ll compensate. Ann N Y Acad Sci (2009) 1164:268–78.
doi:10.1111/j.1749-6632.2008.03731.x
53. Gustave Dit Duflo S, Gestreau C, Tighilet B, Lacour M. Fos expression in the cat
brainstem after unilateral vestibular neurectomy. Brain Res (1999) 824:1–17.
doi:10.1016/S0006-8993(99)01172-5
54. Tighilet B, Brezun M, Gustav edit Duflo S, Gaubert C, Lacour M. New neu-
rons in the vestibular nuclei complex after unilateral vestibular neurectomy in
the adult cat. Eur J Neurosci (2007) 25:47–58. doi:10.1111/j.1460-9568.2006.
05267.x
55. Liberge M, Manrique C, Lacour M. Stress axis plasticity during vestibular
compensation in the adult cat. Neuroscience (2009) 160:716–30. doi:10.1016/j.
neuroscience.2009.02.070
56. Tighilet B, Manrique C, Lacour M. Stress axis plasticity during vestibular
compensation in the adult cat. Neuroscience (2009) 160:716–30. doi:10.1016/j.
neuroscience.2009.02.070
57. Tighilet B, Trottier S, Mourre C, Lacour M. Changes in the histaminergic system
during vestibular compensation in the cat. J Physiol (Lond) (2006) 573:723–39.
doi:10.1113/jphysiol.2006.107805
58. Zennou-Azogui Y, Xerri C, Leonard J, Harlay F. Vestibular compensation: role
of visual motion cues in the recovery of posturo-kinetic functions in the cat.
Behav Brain Res (1996) 74:65–77. doi:10.1016/0166-4328(95)00142-5
59. Curthoys IS. Vestibular compensation and substitution. Curr Opin Neurol
(2000) 13:27–30. doi:10.1097/00019052-200002000-00006
60. Dutia MB. Mechanisms of vestibular compensation: recent advances. Curr
Opin Otolaryngol Head Neck Surg (2010) 18:420–4. doi:10.1097/MOO.
0b013e32833de71f
61. Travo C, Gaboyard-Niay S, Chabbert C. Plasticity of Scarpa’s ganglion neurons
as a possible basis for functional restoration within vestibular endorgans. Front
Neurol (2012) 3:91. doi:10.3389/fneur.2012.00091
62. van de Berg R, Guinand N, Stokroos R, Guyot JP, Kingma H. The vestibular
implant: quo vadis? Front Neurol (2011) 2:47. doi:10.3389/fneur.2011.00047
63. Gong W, Merfeld DM. Prototype neural semicircular canal prosthesis using
patterned electrical stimulation. Ann Biomed Eng (2000) 28:572–81. doi:10.
1114/1.293
64. Merfeld DM, Haburcakova C, Gong W, Lewis RF. Chronic vestibule-ocular
reflexes evoked by a vestibular prosthesis. IEEE Trans Biomed Eng (2007)
54:1005–15. doi:10.1109/TBME.2007.891943
65. Lewis RF, Haburcakova C, Gong W, Makary C, Merfeld DM. Vestibulo-ocular
reflex adaptation investigated with chronic motion-modulated electrical stim-
ulation of semicircular canal afferents. J Neurophysiol (2010) 103:1066–79.
doi:10.1152/jn.00241.2009
66. Dai C, Fridman GY, Davidovics NS, Chiang B, Ahn JH, Della Santina CC.
Restoration of 3D vestibular sensation in rhesus monkey using a multichannel
vestibular prosthesis. Hear Res (2011) 281:74–83. doi:10.1016/j.heares.2011.
08.008
67. Wall CIII, Kos MI, Guyot JP. Eye movements in response to electric stimula-
tion of the human posterior ampullary nerve.AnnOtol Rhinol Laryngol (2007)
116:369–74. doi:10.1177/000348940711600509
68. Guyot JP, Sigrist A, Pelizzone M, Feigl GC, Kos MI. Eye movements in response
to electrical stimulation of the lateral and superior ampullary nerves. Ann Otol
Rhinol Laryngol (2011) 120:81–7. doi:10.1177/000348941112000202
69. Perez Fornos A, Guinand N, van de Berg R, Stokroos R, Micera S, Kingma H,
et al. Artificial balance: restoration of the vestibulo-ocular reflex in humans
with a prototype vestibular neuroprosthesis. Front Neurol (2014) 56:66.
doi:10.3389/fneur.2014.00066
70. Horak FB. Postural compensation for vestibular loss. Restor Neurol Neurosci
(2010) 28:57–68. doi:10.3233/RNN-2010-0515
71. Llinas R, Walton K. Vestibular compensation: a distributed property of the
central nervous system. In: Asanuma H, Wilson VJ, editors. Integration in the
Nervous System. Tokyo: Igaku-Shon (1979). p. 145–66.
72. Dieringer N. Vestibular compensation: neural plasticity and its relation to func-
tional recovery after labyrinthine dysfunctions in frogs and other vertebrates.
Prog Neurobiol (1995) 46:97–129. doi:10.1016/0301-0082(95)80009-W
Frontiers in Neurology | Neuro-otology January 2015 | Volume 5 | Article 285 | 12
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lacour and Bernard-Demanze Vestibular rehabilitation
73. Halmagyi GM, Weber KP, Curthoys IS. Vestibular function after acute vestibu-
lar neuritis. Restor Neurol Neurosci (2010) 28:37–46. doi:10.3109/14992027.
2013.809485
74. Norré ME, Becker AM. Vestibular rehabilitation training. Specificity of ade-
quate exercises. Arch Otolaryngol Head Neck Surg (1988) 114:883–6. doi:10.
1001/archotol.1988.01860200067020
75. Brandt T, Daroff RB. Physical therapy for benign paroxysmal posi-
tional vertigo. Arch Otolaryngol (1980) 106:484–5. doi:10.1001/archotol.1980.
00790320036009
76. Tee LH, Chee NW. Vestibular rehabilitation therapy for the dizzy patient. Ann
Acad Med Singapore (2005) 34:289–94.
77. Bronstein AM, Golding FJ, Gresty MA. Vertigo and dizziness from environ-
mental motion: visual vertigo, motion sickness, and drivers’ disorientation.
Semin Neurol (2013) 33:219–30. doi:10.1055/s-0033-1354602
78. Bittar RS, Barros Cde G. Vestibular rehabilitation with biofeedback in patients
with central imbalance.Braz JOtorhinolaryngol (2011) 77:356–61. doi:10.1590/
S1808-86942011000300014
79. Dozza M, Chiari L, Hlavacka F, Cappello A, Horak FB. Effects of linear
versus sigmoid coding of visual or auditory biofeedback for the control
of upright stance. EEE Trans Neural Syst Rehabil Eng (2006) 14:505–12.
doi:10.1109/TNSRE.2006.886732
80. Dozza M, Horak FB, Chiari L. Auditory biofeedback substitutes for loss of
sensory information in maintaining stance. Exp Brain Res (2007) 178:37–48.
doi:10.1007/s00221-006-0709-y
81. Bach-y-Rita P, Danilov YP, Tyler ME, Grimm RJ. Late human brain plasticity:
vestibular substitution with a tongue brain port human-machine interface. J
Intellectica (2005) 40:115–22. doi:10.1016/j.tics.2003.10.013
82. Uneri A, Polat S. Vestibular rehabilitation with electrotactile vestibular substi-
tution: early effects. Eur Arch Otorhinolaryngol (2009) 266:1199–203. doi:10.
1007/s00405-008-0886-3
83. Danilov YP, Tyler ME, Skinner KL, Hogle RA, Bach-yRita P. Efficacy of electro-
tactile vestibular substitution in patients with peripheral and central vestibular
loss. J Vestib Res (2007) 17:119–30. doi:10.1109/IEMBS.2006.260899
84. Corna S, Nardone A, Prestinari A, Galante M, Grasso M, Schieppati M. Com-
parison of Cawthorne-Cooksey exercises and sinusoidal support surface trans-
lations to improve balance in patients with unilateral vestibular deficit. Arch
Phys Med Rehabil (2003) 84:1173–84. doi:10.1016/S0003-9993(03)00130-8
85. Ghulyan V, Paolino M, Lopez C, Dumitrescu M, Lacour M. A new transla-
tional platform for evaluating aging or pathology-related postural disorders.
Acta Otolaryngol (2005) 125:607–17. doi:10.1080/00016480510026908
86. Nardone A, Godi M, Artuso A, Schieppati M. Balance rehabilitation with mov-
ing platform and exercises in patients with neuropathy or vestibular deficit.
Arch Phys Med Rehabil (2010) 91:1869–77. doi:10.1016/j.apmr.2010.09.011
87. Bizzi E, Kalil RE, Tagliasco V. Eye-head coordination in monkeys: evidence
for centrally patterned organization. Science (1971) 173:452–4. doi:10.1126/
science.173.3995.452
88. Bizzi E, Kalil RE, Morasso P. Two modes of active eye-head coordination in
monkeys. Brain Res (1972) 40:45–8. doi:10.1016/0006-8993(72)90104-7
89. Dichgans J, Bizzi E, Morasso P, Tagliasco P. Mechanisms underlying recovery
of eye-head coordination following bilateral labyrinthectomy in monkeys. Exp
Brain Res (1973) 18:548–62.
90. Kasai R, Zee DS. Eye-head coordination in labyrinthine defective human
beings. Brain Res (1978) 144:123–41. doi:10.1016/0006-8993(78)90439-0
91. Tian J, Shubayev I, Demer JL. Dynamic visual acuity during passive and self-
generated transient head rotation in normal and unilaterally vestibulopathic
humans. Exp Brain Res (2007) 142:486–95. doi:10.1007/s00221-001-0959-7
92. Herdman SJ, Hall CD, Schubert MC, Das VE, Tusa RJ. Recovery of dynamic
visual acuity in bilateral vestibular hypofunction. Arch Otolaryngol Head Neck
Surg (2007) 133:383–9. doi:10.1001/archotol.133.4.383
93. Deutschländer A, Hüfner K, Kalla R, Stephan T, Dera T, Glausauer S, et al. Uni-
lateral vestibular failure suppresses cortical visual motion processing. Brain
(2008) 131:1025–34. doi:10.1093/brain/awn035
94. Herdman S, Tusa RJ, Blatt P, Suzuki A, Venuto PJ, Roberts D. Computerized
dynamic visual acuity test in the assessment of vestibular deficits. Am J Otol
(1998) 19:790–6.
95. Herdman SJ, Schubert MC, Das VE, Tusa RJ. Recovery of dynamic visual acuity
in unilateral vestibular hypofunction. Arch Otolaryngol Head Neck Surg (2003)
129:819–24. doi:10.1001/archotol.129.8.819
96. Herdman S. Computerized dynamic visual acuity test in the assessment of
vestibular deficits. In: Eggers SDZ, Zee DS, editors.Vertigo and Imbalance: Clin-
ical Neurophysiology of the Vestibular System. Handbook of Clinical Physiology.
(Vol. 9), Amsterdam: Elsevier (2010). p. 790–96.
97. Peters BT, Mulavara AP, Cohen HS, Sangi-Haghpeykar H, Bloomberg JJ.
Dynamic visual acuity testing for screening patients with vestibular impair-
ments. J Vestib Res (2012) 22:145–51. doi:10.3233/VES-2012-0440
98. Lopez C, Blanke O. The thalamocortical vestibular system in animals and
humans. Brain Res Rev (2011) 67:119–46. doi:10.1016/j.brainresrev.2010.12.
002
99. Creath R, Kiemel T, Horak FB, Jeka JJ. Limited control strategies with the loss
of vestibular function. Exp Brain Res (2002) 145:323–33. doi:10.1007/s00221-
002-1110-0
100. Lacour M, Barthélémy J, Borel L, Magnan J, Xerri C, Chays A, et al. Sen-
sory strategies in human postural control before and after unilateral vestibular
neurectomy. Exp Brain Res (1997) 115:300–10. doi:10.1007/PL00005698
101. Borel L, Harlay F, Magnan J, Lopez C, Lacour M. How changes in vestibu-
lar and visual reference frames combine to modify body orientation in space.
Neuroreport (2001) 12:3137–41. doi:10.1097/00001756-200110080-00031
102. Buchanan JJ, Horak FB. Vestibular loss disrupts control of head and trunk on
sinusoidally moving platform. J Vestib Res (2001) 11:371–89.
103. Horak FB, Nashner LM, Diener HC. Postural strategies associated with
somatosensory and vestibular loss. Brain Res (1990) 82:167–77.
104. Inglis JT, Macpherson JM. Bilateral labyrinthectomy in the cat: effects on the
postural response to translation. J Neurophysiol (1995) 73:1181–91.
105. Brandt T, Dieterich M, Danek A. Vestibular cortex lesions affect the perception
of verticality. Ann Neurol (1994) 35:403–12. doi:10.1002/ana.410350406
106. Bonan IV, Hubeaux K, Gellez-Leman MC, Guichard JP, Vicaut E, Yelnik AP.
Influence of subjective visual vertical misperception on balance recovery after
stroke. J Neurol Neurosurg Psychiatry (2007) 78:49–55. doi:10.1136/jnnp.2006.
087791
107. Herdman SJ, Whitney SL. Interventions in the patient with vestibular hypo-
function. In: Herdman SJ, editor. Vestibular Rehabilitation. Philadelphia,
Philadelphia: F.A. Davis (2007). p. 309–37.
108. Whitney SL, Sparto PJ. Principles of vestibular physical therapy rehabilitation.
Neurorehabilitation (2011) 29:157–66. doi:10.3233/NRE-2011-0690
109. Gliddon CM, Darlington CL, Smith PF. Activation of the hypothalamic-
pituitary-adrenal axis following vestibular deafferentation in pigmented guinea
pigs. Brain Res (2003) 964:306–10. doi:10.1016/S0006-8993(02)04086-6
110. Gliddon CM, Smith PF, Darlington CL. Interaction between the hypothalamic-
pituitary-adrenal axis and behavioural compensation following unilateral
vestibular deafferentation. Acta Otolaryngol (2003) 123:1013–21. doi:10.1080/
00016480310000520
111. Cameron SA, Dutia MB. Lesion-induced plasticity in rat vestibular nucleus
neurones depend on glucocorticoid receptor activation. J Physiol (1999)
518:151–8. doi:10.1111/j.1469-7793.1999.0151r.x
112. Monzani D, Casolari L, Guidetti G, Rigatelli M. Psychological distress and dis-
ability in patients with vertigo. J Psychosom Res (2001) 50:319–23. doi:10.1016/
S0022-3999(01)00208-2
113. Meli A, Zimatore G, Badaracco C, De Angelis E, Tufarelli D. Effects of vestibu-
lar rehabilitation therapy on emotional aspects in chronic vestibular patients.
J Psychosom Res (2007) 63:185–90. doi:10.1016/j.jpsychores.2007.02.007
114. Ulrich-Lay YM, Herman JP. Neural regulation of endocrine and autonomic
stress responses. Nat Rev Neurosci (2009) 10:397–409. doi:10.1038/nrn2647
115. Halberstadt AL, Balaban CD. Anterograde tracing of projection from the dor-
sal raphe nucleus to the vestibular nuclei. Neuroscience (2006) 143:641–54.
doi:10.1016/j.neuroscience.2006.08.013
116. Balaban CD, Jacob RG, Furman JM. Neurologic bases for comorbidity of bal-
ance disorders, anxiety disorders and migraine: neurotherapeutic implications.
Expert Rev Neurother (2011) 11:379–94. doi:10.1586/ern.11.19
117. Péruch P, Borel L, Magnan J, Lacour M. Direction and distance deficits in path
integration after unilateral vestibular loss depend on task complexity. Brain Res
Cogn Brain Res (2005) 25:862–72. doi:10.1016/j.cogbrainres.2005.09.012
118. Reber A, Courjon JH, Denise P, Clément G. Vestibular decompensation in
labyrinthectomized rats placed in weightlessness during parabolic flight. Neu-
rosci Lett (2003) 344:122. doi:10.1016/S0304-3940(03)00433-6
119. Kline AE, Mcaloon RI, Henderson KA, Bansal UK, Ganti BM, Ahmed RH,
et al. Evaluation of a combined therapeutic regiment of 8-OH-DPAT and
www.frontiersin.org January 2015 | Volume 5 | Article 285 | 13
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lacour and Bernard-Demanze Vestibular rehabilitation
environmental enrichment after experimental traumatic brain injury. J Neuro-
trauma (2010) 27:2021–32. doi:10.1089/neu.2010.1535
120. Wright WG. Using virtual reality to augment perception, enhance sensori-
motor adaptation, and change our minds. Front Syst Neurosci (2014) 8:56.
doi:10.3389/fnsys.2014.00056
121. Stroud KJ, Harm DL, Klaus DL. Preflight virtual reality training as a coun-
termeasure for space motion sickness and disorientation. Aviat Space Environ
Med (2005) 76:352–6.
122. Pavlou M, Kanegaonkar RG, Swapp D, Bamiou DE, Slater M, Luxon LM. The
effect of virtual reality on visual vertigo symptoms inpatients with periph-
eral vestibular dysfunction: a pilot study. J Vestib Res (2012) 22:273–81.
doi:10.3233/VES-120462
123. Wayne PM, Scarborough DM, Krebs DE, Parker SW, Wolf SL, Asmundson L,
et al. Tai Chi for vestibulopathic balance dysfunction: a case study. Altern Ther
Health Med (2005) 11:60–6.
124. Chen EW, Fu AS, Chan KM, Tsang WW. The effects of Tai Chi on the balance
control of elderly persons with visual impairments: a randomized clinical trial.
Age Ageing (2012) 41:254–9. doi:10.1093/ageing/afr146
125. Shumway-Cook A, Woollacott M, Kerns KA, Baldwin M. The effects of two
types of cognitive tasks on postural stability in older adults with and with-
out a history of falls. J Gerontol A Biol Sci Med Sci (1997) 52:M232–400.
doi:10.1093/gerona/52A.4.M232
126. Li KZ, Lindenberger U, Freund AM, Baltes PB. Walking while memorizing; age-
related differences in compensatory behaviour. Psychol Sci (2001) 12:230–7.
doi:10.1111/1467-9280.00341
127. Bernard-Demanze L, Dumitrescu M, Jimeno P, Borel L, Lacour M. Age-
related changes in posture control are differentially affected by postural
and cognitive task complexity. Curr Aging Sci (2009) 2:135–49. doi:10.2174/
1874609810902020135
128. Sparrer I, Duong Dinh TA, Ilgner J, Westhofen M. Vestibular rehabilitation
using the Nintendo Wifi Balance Board, a user-friendly alternative for cen-
tral nervous compensation. Acta Otolaryngol (2013) 133:239–45. doi:10.3109/
00016489.2012.732707
129. Jackson PL, Lafleur MF, Malouin F, Richards C, Doyon J. Potential role of men-
tal practice using motor imagery in neurologic rehabilitation. Arch Phys Med
Rehabil (2001) 82:1133–41. doi:10.1053/apmr.2001.24286
130. Zimmermann-Schlatter A, Schuster C, Puhan MA, Siekierka E, Steurer J. Effi-
cacy of motor imagery in post-stroke rehabilitation. J Neuroeng Rehabil (2008)
5:8. doi:10.1186/1743-0003-5-8
131. Grezes J, Decety J. Functional anatomy of execution, mental stimulation, obser-
vation, and verb generation of actions: a meta-analysis. Hum Brain Mapp
(2001) 12:1–19. doi:10.1002/1097-0193(200101)12:1<1::AID-HBM10>3.0.
CO;2-V
132. Lopez C, Vibert D, Mast FW. Can imagined whole-body rotations improve
vestibular compensation? Med Hypotheses (2011) 24:18–22. doi:10.1016/j.
mehy.2011.02.026
133. Creem SH, Downs TH, Wraga M, Harrington GS, Proffitt DR, Downs JH III.
An fMRI study of imagined self-rotation. Cognit Affect Behav Neurosci (2001)
1:239–49. doi:10.3758/CABN.1.3.239
134. Dieterich M, Bense S, Lutz S, Drzezga A, Stephan T, Bartenstein P, et al. Domi-
nance for vestibular cortical function in the non-dominant hemisphere. Cereb
Cortex (2003) 13:994–1007. doi:10.1093/cercor/13.9.994
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 06 October 2014; accepted: 15 December 2014; published online: 06 January
2015.
Citation: Lacour M and Bernard-Demanze L (2015) Interaction between vestibular
compensation mechanisms and vestibular rehabilitation therapy: 10 recommendations
for optimal functional recovery. Front. Neurol. 5:285. doi: 10.3389/fneur.2014.00285
This article was submitted to Neuro-otology, a section of the journal Frontiers in
Neurology.
Copyright © 2015 Lacour and Bernard-Demanze. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Neurology | Neuro-otology January 2015 | Volume 5 | Article 285 | 14
